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doi:10.1016/j.jtcvs.2003.11.0381188 The Journal of Thoracic and CardObjective: Thoracic and thoracoabdominal aortic repair are still complicated by
spinal cord ischemia and paraplegia. The aim of the present article is to present the
results of an anatomical study conducted by means of both postmortem injection of
the vertebral artery and perfusion of the abdominal aorta.
Methods: The spinal cord blood supply was investigated in 51 Caucasian cadavers:
in 40 cases a methylene blue solution was hand-injected into the vertebral artery,
whereas in the remaining 11 cases the abdominal aorta was perfused with a
methylene blue solution by means of a roller pump. The level and side of the arteria
radicularis magna and the continuity of the anterior spinal artery were recorded.
Results: The anterior spinal artery was a continuous vessel without interruptions
along the spinal cord in all 51 cases. The arteria radicularis magna level was
variable, ranging from T9 to L5. The arteria radicularis magna arose from a lumbar
artery in 36 cases (70.5%) and it was left-sided in 32 cases (62.7%).
Conclusions: The anterior spinal artery constitutes an uninterrupted pathway be-
tween the vertebral arteries, the arteria radicularis magna, and the posterior inter-
costal and lumbar arteries. Moreover, the arteria radicularis magna arises from a
lumbar artery in most of cases. Therefore, the sacrifice of the intercostal arteries
during a thoracic aorta repair could be justified, at least from an anatomical
standpoint. However, if an extended thoracoabdominal aortic repair is planned, it
may be prudent to preserve the blood flow from the lumbar arteries.
Thoracic and thoracoabdominal aortic repair for aneurysmal diseasemay be complicated by spinal cord ischemia and paraplegia. Theanatomic bases and the pathophysiology of this severe complicationare debated. Controversies still concern the anatomical arrangementof the anterior spinal artery (ASA) and the arteria radicularis magna(ARM) or Adamkiewicz artery. The aim of the present article is to
describe the blood supply of the spinal cord from an anatomical point of view by
means of postmortem injection of the vertebral arteries (upper blood supply) and the
perfusion of the abdominal aorta (lower blood supply).
Materials and Methods
From July 1998 to July 2001, necropsy was performed on 51 Caucasian adult cadavers at II
Department of Pathology of the University of Milan. Preliminary results that emerged from
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were 35 men (68.6%) and 16 women (31.4%). The mean age was
72.9  12.4 years. The necropsies were performed 24 to 36 hours
after death. Gross neurological disease and aneurysmal or dissect-
ing aortic disease were not observed in any case. At least mild
atherosclerotic changes of the aorta and the cerebrovascular arter-
ies were present in all cases.
Upper Spinal Cord Blood Supply: Vertebral Artery
Injection
The technique of vertebral artery injection was previously de-
scribed.1 Briefly, in 40 cases, after spinal cord exposure we in-
jected into a vertebral artery (left-sided in 23 cases [57.5%] and
right-sided in 17 cases [42.5%]) a solution containing polygelatin-
colloid and 10 mL of 1% methylene blue by gentle hand pressure.
During the injection the staining of the spinal vessels was observed
and recorded (Figure 1).
Lower Spinal Cord Blood Supply: Perfusion of the
Abdominal Aorta
In 11 cases it was possible to remove the thoracic and abdominal
viscera leaving intact in situ the entire descending thoracic and the
abdominal aorta and their branches. Anatomical dissection was
performed carefully to preserve the integrity of most of the col-
lateral networks between intercostal, lumbar, and radiculomedul-
lary arteries. First and second thoracic vertebral bodies were re-
moved by means of an oscillating saw, and the dura mater was
incised longitudinally to expose the upper thoracic ASA. Then all
the posterior intercostal arteries were ligated and divided just at the
origin from the aorta and before their first branching, as previously
described in the quick simple clamping technique.2 The celiac
trunk and mesenteric and renal arteries were surgically interrupted,
and lumbar arteries were left intact. The common iliac arteries
were divided just proximally to the origin of the hypogastric
Figure 1. The dye injected through the left vertebral artery pro-
gressively stains the human spinal arteries.arteries. A 20F or 22F venous cannula, 40 cm in length (Terumo
The Journal of ThoracicEurope, Rome branch, Italy), was introduced into the proximal
stump of the right or left common iliac artery, and the controlateral
iliac artery was connected to a 16F catheter, 25 cm in length, for
coronary perfusion (Terumo Europe, Rome, Italy). By means of
tubing (Tygon tube 3/8  9/16  3/32 inches, 1 m in length; HST
tube 1/4  3/8  1/16 inches, 1 m length; NGC Medical Equip-
ment, Novedrate, Italy), the inflow cannula was connected to a
roller pump (Gambro, Parma, Italy) and to a reservoir with 1-L
capacity, whereas the 16F catheter was joined to a disposable
pressure display set (Edwards Lifescience, Milan, Italy) to monitor
the inflow pressure. First, air and clots were flushed from the
tubing and the aorta with 500 to 750 mL of normal saline solution.
During this phase, we checked any fluid loss and eventually closed
leaks from the vessels to obtain a watertight system. Then, the
aorta was clamped at the diaphragm and 480 mL of polygelatin
colored with 20 mL of 1% methylene blue was injected and the
mean inflow pressure was recorded over a 5-minute period (Figure
2). Simultaneously, the progression of the dye along the ASA was
recorded using a video camera. After the procedure, 2 independent
observers (M.R. and A.C.) reviewed each recording and measured
the timing of ASA staining.
Spinal Cord Inspection
In all 51 cases the vertebral level of the highest thoracic root was
recognized in situ and marked with a silk suture. Finally the spinal
cord was removed from the cadaver. To establish the exact level of
each anterior radicular artery, the filum terminalis and the spinal
roots were arranged in the normal anatomical configuration and
were accurately numerated starting from the filum, cross-checking
the result with the level of the previously marked root. The largest
anterior radicular artery supplying the majority of the lumbar
enlargement, independently from the level, was recognized as the
ARM. The level of the ARM and the other radicular artery was
recorded, and in all cases the external diameters of the ASA and
ARM were measured with a Palmer-type micrometer. The entire
dissection was performed with the aid of 3.5 optical magnifica-
tion. The diameters of ASA and ARM were compared by the
Figure 2. The dye injected through the common iliac artery pro-
gressively stains the abdominal aorta, the lumbar and intercos-
tals arteries, and the anterior spinal artery.Student t test.
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Upper Spinal Cord Blood Supply: Vertebral Artery
Injection
After hand injection of the methylene blue solution, we
observed in every case the progressive staining first of both
vertebral arteries, then of the ASA in cranio-caudal direc-
tion down to the cauda equina, and finally the anterior
radicular arteries, including the ARM, stained retrogradely
from the ASA. The side (left vs right) of the injected
vertebral artery had no influence on the staining of the ASA.
Lower Spinal Cord Blood Supply: Perfusion of the
Abdominal Aorta
At a mean inflow pressure of 65 mm Hg the dye gradually
stained the abdominal aorta and the lumbar arteries and
finally the intercostal arteries even if previously interrupted
and if aorta was clamped at the diaphragm. The lumbar
arteries were directly stained from the abdominal aorta and
indirectly from vertical arterial branches, although the in-
tercostal vessels were supplied only by the arteries running
lateral to the vertebral bodies and joining them perpendic-
ularly. These vessels formed an impressive and extensive
collateral network over the entire vertebral column. The
colored solution gradually stained the radiculomedullary
arteries and the ASA in a caudo-cranial direction. If the
ARM originated from a lumbar artery, the ASA colored in
about 1 to 2 minutes after start of perfusion, although if it
arose from an intercostal artery, the ASA was stained only
after 5 to 6 minutes.
Spinal Cord Inspection
At the necropsy examination, the ASA was a constant and
continuous vessel without interruption along the spinal cord
in all 51 cases. No case presented a duplication of the ASA.
Only 1 ARM was constantly found in each cadaver and it
was the only radicular artery to the mid and low thoracic
and lumbar spinal cord in 16 cases (31.3%). In all cases it
Figure 3. Level and side of the arteria radicularis magna (ARM) (n
 51).was the more caudal anterior radicular artery of significant
1190 The Journal of Thoracic and Cardiovascular Surgery ● Aprdiameter. Figure 3 shows the vertebral level and the later-
alization of the ARM in the series. In 36 cases (70.5%) the
ARM arose below T12 level, from a lumbar artery, and its
origin was more frequently located at L1-L3 level (33 cases,
64.7%). The Adamkiewicz artery showed a left-side pre-
dominance, observed in 32 cadavers (62.7%). The mean
external diameter of the ASA was 480  81 m (range:
340-560 m) and 1100  132 m (range: 870-1280 m)
above and below with the junction with the ARM, respec-
tively (P  .001). The mean external diameter of the ARM
was 1120  230 m (range: 730-1330 m).
Discussion
There is still disagreement about the anatomy of the spinal
cord arterial supply. Main issues concern the existence and
the terminality of the ARM, or artery of Adamkiewicz, and
the continuity of the ASA.1-10 Techniques adopted in clin-
ical practice are founded both on evidence from postmortem
anatomical investigations conducted on human beings11,12
and from experimental studies conducted on animals.13-15
Nevertheless, comparative anatomy suggests major differ-
ences between human beings and animals in terms of spinal
cord blood supply16 and, to the best of our knowledge, only
the results from baboons are extremely similar to humans.11
Consequently, evidence from most of the studies on animals
may not reflect the results observed in clinical practice.
We focused our observations on the mid and low tho-
racic and lumbar spinal cord because postoperative isch-
emic lesions are located in this site.17 Our anatomical ob-
servations confirm that the ASA is constantly an
uninterrupted vessel receiving blood supply from the verte-
bral arteries, the ARM, and the other anterior radiculo-
medullary arteries. All these vessels are interconnected to
form an extensive collateral network over the entire verte-
bral column, easily recognizable during dye injection. Be-
cause of the continuity of the ASA, the ARM cannot be
considered a terminal artery per se. This observation is in
agreement with the experimental studies on rhesus monkeys
by Fried and colleagues.18
In our series the ARM level ranged from T9 to L5 and
was located below T12 in 70.5% of cases and between L1
and L3 in 64.7% of cases. These results are in agreement
with the observation reported by Suh and Alexander8 and
Gillilan.19 Other authors reported that the more frequent
level of the ARM was between T12 and L1.4,8,9,11,19 This
disagreement may depend on the method applied to estab-
lish the ARM level. In our opinion, in comparison to a
generic “vertebral level,” an accurate reference to the spinal
roots allows ascertainment of the exact level of the inter-
costal or lumbar artery from which ARM arises. In contrast
to Koshino and colleagues.12 we observed an Adamkiewicz
artery below L2 in 23.5% of cases (12/51), in absence of
significant (more than 500 m in diameter) anterior radic-
il 2004
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rule out differences in terms of spinal cord blood supply
between Japanese and Caucasian populations.
Implications for Surgical and Endovascular Therapy
The continuity of the ASA, the nonterminality of the ARM,
and the extensive collateral network along the spinal cord
could justify from the anatomical standpoint the systematic
sacrifice of posterior intercostal arteries during isolated re-
pair of the descending thoracic aorta. However, because of
the prevalent origin of the ARM from lumbar arteries in
addition to previously reported clinical experiences,20 it
may be prudent to preserve blood flow from the lumbar
arteries when an extensive thoracoabdominal aortic repair is
planned. In fact, there is increasing concern that concomi-
tant or previous abdominal aortic repair and extensive tho-
racic aorta exclusion by means of multiple stent grafts are
associated with an significantly higher risk of paraple-
gia.21-23 We can hypothesize that after the interruption of
the most of the intercostal and lumbar arteries, the residual
collateral blood supply is marginal and in some cases the
spinal cord may become extremely prone to injury due to
arterial hypotension or low cardiac output from any
cause.24,25 It is still debated whether the reimplantation of
segmental vessels, usually focused on the intercostal ves-
sels, may reduce the incidence of paraplegia. Routine reim-
plantation of the segmental arteries from T7 to L126 may
miss the origin branch of ARM in at least 45% of cases,
according to our results. Nevertheless, intercostal reimplan-
tation may be of critical importance in patients undergoing
thoracic repair after a previous abdominal aortic procedure.
Moreover, we have to recognize the other side of the coin
about the continuity between the ASA and the radicular
arteries. Both experimental15 and clinical27,28 data suggest
that the blood may drain away from the spinal cord through
the ASA and the radicular arteries, acting as stealing chan-
nels and rerouting the blood just distal to the aortic obstruc-
tion (Figure 4). Back-bleeding from the ostia of the poste-
rior intercostal and lumbar arteries during aortic
crossclamping may be a clinical manifestation of such a
phenomenon. We can speculate that such continuous steal
through the ASA and radicular vessels may further worsen
spinal cord ischemia, causing even irreversible neurological
injury if the ischemia time is longer than 20 to 30 min-
utes.29,30 Prolonged crossclamping time is a recognized risk
factor for paraplegia in most of reports,31-34 and in our
opinion it may be the most important contributor to post-
operative paraplegia.
Finally, in a third of cases the ARM arose from the
thoracic aorta; this anatomical arrangement may reduce the
clinical efficacy of a circulatory support during aortic cross-
clamping. In fact, during postmortem perfusion of the ab-
dominal aorta, we observed that the thoracic ASA was
The Journal of Thoracicstained within 1 to 2 minutes after start of perfusion if the
ARM originated from a lumbar artery; however, such time
was raised to 5 to 6 minutes if the ARM arose from an
intercostal artery.
Limitations of the Study
Abdominal aorta perfusion was feasible in only 11 cases.
The most frequent reasons making abdominal aorta perfu-
sion unfeasible were severe calcification of the iliac arteries
and the aorta, impossibility of achieving a watertight system
during perfusion because of irreparable leaks from several
vessels, and finally the need to remove the aorta en bloc
with the thoracoabdominal viscera on request of the pathol-
ogist to identify the cause of death and/or to perform special
pathological investigations.
The injection and perfusion techniques were not con-
ceived to simulate normal hemodynamics. Finally, in our
series of necropsies we observed no case of aortic aneu-
rysm, either thoracic or abdominal. It may be very useful to
study the blood supply and the collateral circulation of the
spinal cord in the presence of degenerative atherosclerotic
Figure 4. Steal phenomenon in the excluded part of the aorta. A
rerouting way through the anterior spinal artery and arteria
radicularis magna steals blood from the spinal cord. ASA, Ante-
rior spinal artery; ARMA, anterior radicularis magna artery; LSA,
left subclavian artery; RSA, right subclavian artery; LVA, left
vertebral artery; RVA, right vertebral artery; BA, basilar artery;
AXC, aortic clamping.or dissecting aneurysm or after a surgical or endovascular
and Cardiovascular Surgery ● Volume 127, Number 4 1191
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gical procedure may occlude many segmental arteries and
promote collateral vessels enlargement, altering signifi-
cantly the normal patterns of blood supply to the spinal
cord.
Conclusions
Anatomical evidence of an extensive collateral network
along the spinal cord suggests that during a repair of the
descending thoracic aorta the systematic sacrifice of seg-
mental arteries may be considered safe. Nevertheless, we
hypothesize that during aortic crossclamping this network
may act itself as stealing pathway, rerouting the blood away
from spinal cord to the aorta distal to the clamps. The
exclusion of most of the segmental arteries during repair of
thoracoabdominal aortic aneurysms may compromise the
collateral blood supply of the spinal cord. In these cases
every effort should be made to preserve the blood flow from
the lumbar arteries.
We acknowledge Mrs Elena Greco and Miss Laura Barili for
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Centro Cardiologico Monzino, Milan, and the Bioengineering De-
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